INTRODUCTION
The polarization attributes of target and background optical signatures, particularly in the thermal infrared bands, are of interest for a variety of applications such as enhancing detection of targets in cluttered backgrounds, and deducing the optical properties of remotely sensed surfaces. A highquality optical signature model is essential to support the development of techniques for exploiting Polarization Information (PI). Uses for such a model include:
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generalizing from the few specific cases for which one can afford to collect data to a wide spectrum of environmental conditions and sensor characteristics; predicting the effects of changes in such target characteristics as surface optical properties, geometry, and operating condition; and addressing test and analysis efforts to the most critical phenomenology issues.
The Naval Research Laboratory, under a Central MASINT Office (CM0)-led effort to explore the utility of PI, is tasked with identifying andor developing, and validating, a state-of-the-art IR polarization signature model to support data collection and analysis, and performance prediction. An industry survey concluded that, while no extant code represented polarization phenomenology with the needed fidelity, the modeling task should proceed by upgrading an existing code rather than undertaking the development of a new code. The survey identified three signature codes that appear to be good candidates for such an upgrade:
IRMA[l] -This code was developed by Nichols
Research Corp., Shalimar, FL, largely under the sponsorship of AF Research Lab, Eglin AFB. While the current distribution version (4.1) has been validated for non-polarization cases, it contains a very simple BRDF representation, and does not adequately handle polarization effects. Recently, a pre-release version of IRMA which has full Stokes vectorhlueller matrix capabilities, and hence is nominally able to handle linear and circular polarization, was received by NRL and is under evaluation.
OPTASM [2] -This code was developed by Acquista and Rosenwald of PAR Government Systems Inc. In 1997, support for the code was taken over by Surface Optics Corporation (SOC) of San Diego, CA, a company long associated with the characterization of surface optical properties. The current version (2.1.23), which has been available for several years, contains a full polarization representation.
Validation of OPTASM's polarization signature capabilities has been hampered by the absence of a detailed polarized BRDF data base -a situation now being rectified, as discussed below. 
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The thrust of NRL's effort under the CMO program, then, is to: determine a represention of the polarized reflection and scattering properties of surfaces which is suitable for signature modeling purposes; arrange for the collection of a (small) database of polarized optical properties for a few representative surface materials; incorporate the optical data into the candidate signature models by adapting the selected BRDF representation appropriately; and employ the best resulting model in support of the CMO program.
BRDF MEASUREMENT AND REPRESENTATION
The basic approaches of the three candidate codes are similar. Each represents targets as collections of planar surfaces or "facets". Optical properties of each facet are defined with an appropriate level of complexity, depending, for example, on whether the polarized signature is required, or on whether the reflectance behavior varies with rotation of the surface around the surface normal. Reflection of radiation incident on the target from its surroundings, generally characterized as "skyshine" and "earthshine" (with possibly a few "point sources" such as the sun) is modeled. Shadowing of one part of the target from the background by another is usually accounted for with varying degrees of sophistication, as is reflection of one part of the target by another. The temperatures of the target's surfaces are calculated by balancing the radiative, convective, and conductive heat fluxes. Finally, the radiance of each (visible) facet in the direction of the sensor is calculated as the sum of the emitted and reflected components.
Models of this type have been used extensively to predict the total (i.e. unpolarized) radiance of many types of targets. With suitable attention to detail, including use of a fairly detailed representation of surface optical properties, agreement of model predictions of radiance with measured data to within better than 20% has been obtained. The function used to describe the directional dependence of reflected energy is the BRDF. The geometry of the BRDF definition is shown in Figure 1 .
The BRDF is defined as the ratio of the reflected radiance (w-m-*-sr-') in a particular direction (e&) to the incident irradiance (w-m-') from direction (e, +i).
The units of the BRDF are inverse solid-angle (si'). In this paper, we treat the case of a surface with no preferred azimuth orientation (e.g. no directional features or striae); for this case, +i or +r may be taken to be zero, and BRDF is a function of three angles: Oi. e , and the azimuth angle between the incident and reflected rays, $. Figure 2 shows a pictorial representation of a typical BRDF, taken from the well-known paper by Nicodemus [4] that provides a good physical description of these concepts. The ideal standard must be nearly diffuse at the wavelength of interest, and must have strongly cross-polarizing characteristics.
Measurements made by Azzam and Giardina [6] for an aluminum-coated grating indicate very desirable features for the development of a standard at 10.6 pm and other laser wavelengths. SOC has developed processes for generating gratings by photofabrication, and is currently operating equipment capable of constructing of a Mueller mamx standard.
It will be necessary to collect optical properties data for each material of interest. One could simply apply these data in table lookup fashion for signature modeling -while megabytes of storage would be needed for each material, today's processors make this approach feasible. Nevertheless, there are several motivations for developing a physically-based parametric BRDF representation for the polarized case, with which the measured data can be reviewed, interpreted, and abstracted:
As with any large-scale data collection, means must be found to screen data for reasonableness before they are reported and used in modeling. Using the collected data to instantiate a parametric BRDF representation provides a framework for screening and assessing the quality of the data. In particular, since emissivity is not measured directly, but is inferred from reflectance measurements, development of a BRDF model will allow direct checking and constraint of the Mueller matrix to ensure consistency with the laws of thermodynamics.
The parametric representation can help with the "dynamic range" problem that results from the model's need for high angular resolution around the specular lobe, but lower resolution elsewhere. A BRDF model can inform the process of using data from high resolution sampling of the lobe, gathered at a few key angles, to interpolate among lower resolution samples taken over the full volume.
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Measured reflectance data are chronically unreliable near grazing incidence, for practical instrumentation-related reasons. A BRDF model can help choose reasonable values in such regions.
The process of developing, instantiating, and validating a BRDF model will inevitably force attention to the underlying mechanisms of coating performance, thereby improving knowledge and awareness of those principles, which are now rather poorly understood.
POLARIZATION BRDF MODELING APPROACH
For signature modeling, BRDF function ,f, is:
an operational definition of the where R(€+,@) is the incident and R(0,) the reflected radiance. It is possible to make some simplifymg idealizations of the BRDF representation for unpolarized modeling without excessive error. The most common approximation is to assume that reflection and scattering can be represented as the superposition of ideal specular and diffuse terms. In the case of ideal specular reflectance, f is a delta function at the specular angle. The integration is . straightforward to cany out resulting in:
Thus, for ideal specular reflection, determination of the DHR amounts to determination of the BRDF. For the diffuse reflectance, the modeling approach is to replace R(ei) in Eq. 1 with its average over the hemisphere. This replacement tacitly assumes that this component of reflectance is sufficiently non-directional (andor that there is so little structure in the incident radiance) that the angular dependence of the incident light can be ignored. The integral again becomes straightforward, with the result:
where R,, is the incident radiation field averaged over the hemisphere. Again note that the BRDF corresponds to the DHR, and like p is a function of only one angle for the combined specular and diffuse components.
Extension of this simplified approach for use with polarized radiation will now be considered for illustration, although refinements will be found to be necessary. The form of the BRDF changes for calculations involving polarized radiation. The four-component Stokes vector [7] , which completely describes the time-averaged polarization state of incoherent light, replaces the usual scalar radiance. For the polarized case, the BRDF takes the form of a Mueller matrix [8] , a 4 X 4 matrix which relates the Stokes vector of reflected light to that of incident light, so Eq. 2 or Eq. 3 generalizes to: So = MS, (4) Under the usual convention, the elements of S are denoted as So+S3. Note that S doesn't behave as a normal vector; under coordinate rotations, for example, only the linear polarization elements, S1 and S2, are mixed with each other.
As the DHR gave the BRDF for the unpolarized case, determining the Mueller matrix in Eq. 4 is tantamount to specification of the BRDF for the polarized case.
As mentioned, observed target surface radiances are the combinations of the reflected and emitted components. As with the non-polarization case, reflectivity and emissivity are related through Kirchhoff s law. The generalization of this law to the polarization case involves replacing scalar emissivity by a four-component vector, E. The product of E with Planck's blackbody function is the Stokes vector describing the emitted radiation. Symmetry considerations help determine how Kirchhoff's law must be generalized for polarization. It is clear that E3, which describes the preference for right circular over left circular polarization, must be zero by symmetry. The most useful coordinate system for this discussion is the one defined by the principal plane containing the surface normal and the direction of emitted radiation. In this "preferred" coordinate system, the z-axis is perpendicular to the surface, the x-axis is in the principal plane, and the y axis is normal to the principle plane. In this coordinate system, symmetry also ensures that E2 is zero.
and El can be determined by considering the simple holraum scenario, in which the object being modeled is inside a closed chamber with black walls at the temperature of the object. To satisfy the first and second laws of thermodynamics, the sum of the emitted and reflected radiance emerging from a surface of the object must be unpolarized and equal to the Planck blackbody radiance. 
The first of these is recognized as the usual form of Kirchhoff s law. The second determines El in terms of Ml,o. The third and fourth equations constrain M, but this is not a problem because, in the preferred coordinate system, these elements are zero by symmetry. The apparent asymmetry of the second equation is not a problem either, since symmetry considerations force Ml,FMo,l in the prefened coordinate system. In terms of angular dependence, E is obviously a function only of the angle of emission fi-om the surface normal, for the assumed case of no preferred azimuth orientation.
A final note concerns how the Stokes vectors and E transform under rotations from the preferred coordinate systems (which is typically a local coordinate system for each model facet) to the global coordinate system (which is usually specified by z being the vertical and x lying in the plane defined by the vertical and the observation direction).
This transformation can be written as S + T S , where T is of the form: The discussion to this point has focused implicitly on the contributions of reflections of area sources, such as the sky.
The specular reflection of point sources results in glints which, in facetized model calculations, must be handled by specialized approaches.
On the other hand, diffuse reflection of point-like sources, such as the sun, can be fit into the formulation described above.
Following the replacement used in Eq. 3, a normally incident point source irradiance, Ii, must be replaced by an equivalent incident radiance. If the source is taken as a a Lambertian emitter which fills the upper hemisphere, then the effective radiance is kVg = Iih. If the point source is incident off-normal, a factor of cos(Oi) must be included. The approach then is to identify Ravg as (Ii/7c)cos(Bi). Some refinements to this idea will be discussed below. The point of this paragraph is to note that for point sources, as for area sources, it suffices to consider in detail only the Mueller matrix -the generalization of the DHR.
CONSTRUCTION OF THE PARAMETRIC MUELLER MATRIX
A step-by-step approach is taken to highlight the issues involved in constructing a parametric Mueller matrix. The discussion relates directly to IRMA and SPIRITS-Pol, which use a model-based BRDF representation. It is less applicable to OPTASM, which relies on numeric fits to a BRDF data base; as discussed in the introduction, however, a successful model-based representation will inform the use of data in OPTASM as well. We start with a case -specular Fresnel reflectance from a thick dielectric surface -for which the exact result is known.
Ideal Specular Reflectance Only
In Fresnel reflectivity, an incident field is partially reflected and partially transmitted at the planar boundary between two dissimilar dielectric materials (the fist of which is usually air.) If the second dielectric is much thicker than h /~, where h is wavelength and is the imaginary part of the index of refraction, the transmitted part can be ignored and the Mueller matrix constructed from the Fresnel reflectivity. The Mueller mamx has the form: If this form is used for M, and E is calculated from Eq. 6, a consistent and physically correct model is assured.
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In addition to its modeled BRDF approach, the IRMA code allows a Mueller matrix to be entered directly into a database me, typically for about 10 different scattering angles. Thus, all that is required to use this approximation with IRMA is to select values for n and K, use Eq. 7 to calculate the matrix elements for an number of angles, and enter the results into a file.
The SPIRITS-Pol model takes a somewhat different approach based on the Sandford-Robertson (SR) parametric model[ll], [12] , which provides a number of advantages.
The SR model has 4 parameters which are determined so as to fit the model to measured data: they are:
diffuse spectral reflectance coefficient, pD(h). which describes the magnitude of the diffusely reflected component as a function of wavelength, spectral total hemispherical emissivity, E&), which is determined as the complement of total reflectivity as a function of wavelength, and two parameters which are independent of wavelength, and which describe the increase of reflectivity near grazing incidence (b), and the specular lobe width (e).
For the purpose of this section two of these parameters, pD and e, are taken to be zero. The SR model focuses on the directional emissivity, the Eo of Eq. 5. In SR it is given by:
G=-[ 1 G is a normalization factor which ensures that the cosine weighted angular average of the emissivity is equal to EO. The parameters b and strength of the emissivity. To observe the constraint of the first part of Eq. 6, SPIRITS-Pol takes M to be a scaled Fresnel form equal to k&l)F, with F given by Eq. 7 and control the angular form and Since the scaled form of F applies to all its elements, the form for El is The latter two elements of E are zero as above. The motivation for this approach is that, given a choice for Q and b, one can often choose n and K such that kss is very close to unity, and weakly dependent on 8. When this is the case, the formulation is very nearly that of Fresnel and, as will be seen below, also allows some useful generalizations.
Ideal Specular and Ideal Lumbertian Diffuse Reflectances
The fist enhancement to the ideal specular model is the addition of an ideal Lambertian diffuse reflectance. For this component, the reflected radiation is proportional to the projected area (cosine law) and unpolarized. This means that p is independent of angle, and that M has just one nonzero element -
The IRMA model provides for specification of a diffuse reflective contribution which is additive to the element.
E is calculated from Eq. 6 as above, and IRMA does not allow angular dependence for the diffuse part of the reflectance. One problem with this approach is that if a diffuse contribution is used, care must be taken with the specular contribution lest Mo.o become greater than 1 for angles near grazing (where Fo.0 is near 1.) Since the specular Mueller matrix can be arbitrarily specified, this problem can be avoided by an ad hoc tempering of F;
however, there is no physical model to guide this procedure.
which also is angle independent.
SPIRITS-Pol takes an approach similar to that of IRMA in that a diffuse reflectivity is modeled as an addition to However, unless the b parameter is set to zero, the diffuse reflectivity will be angle dependent. In the SR model as used in SPIRITS-Pol, the diffuse reflectivity enters the formalism in a manner similar to emissivity. If the diffuse reflectivity strength, p~, is chosen to equal (1-Q), and b is set to zero, the model describes an ideal Lambertian reflector. The mechanism for this is that the strength of the specular reflection is essentially l-(PD+&)). However, if pD is less than (1-Q), the Mueller matrix becomes:
If b is chosen to be zero, there is no choice for n and K which will allow kSs to be near unity for all angles, which can lead to nonphysical results. SPIRITS-Pol is thus not well-suited to modeling a mixture of ideal Lambertian plus ideal Fresnel specular behavior.
Ideal Specular Plus General Diffuse Reflector
Data suggest that most painted surfaces are not ideal Lambertian reflectors. In particular, the total hemispherical reflectivity is angle dependent, which was one of the original motivations for the SR model in which the diffuse reflectance is allowed angular dependence.
The IRMA model does not allow for angle dependence of the diffuse contribution. It would not be difficult to extend it to allow this case, but the ad hoc procedure for preventing elements from becoming greater than unity would remain.
On the other hand, SPIRITS-Pol is well-suited to this case. As above, n and K must be chosen to be compatible with the parameter b. Once this is done, any desired admixture of specular and diffuse character can be obtained by adjusting p~. A further refinement concerning the treatment of point source reflectance will be discussed in the next section.
General Specular Reflectance
Data show that typical weathered material surfaces are never ideal specular reflectors -even the glossiest surfaces exhibit some angular width of the a n t lobe. This was the motivation for the modeled lobe width function and related glint lobe parameter, e, in the SR model. This part of the SR model is based on the work of Trowbridge and Reitz[l3] . In this approach, the surface is regarded as an ensemble of microfacets (sometimes called "sequins"), distributed in orientation. Reflection from each microfacet is ideal specular, but since there is a distribution of facet orientations about the surface normal, radiation from a point source is reflected into a glint lobe with width controlled by the microfacet angular distribution. This mechanism generates out-of-plane scattering.
The general formulation of the IRMA model does not allow for glint lobe width. However, a specialized (unpolarized) treatment is provided for reflection of the sun.
The SPIRITS-Pol model incorporates the SR e parameter and associated model mechanism for point source reflection. SPIRITS-Pol assumes that a microfacet normal bisects the source and observation directions in this connection. This allows the specular part of the full Mueller matrix to be used to calculate a polarized scattering contribution. If the e parameter is chosen to represent a large glint width, this can simulate a polarized diffuse reflectance; however, this mechanism is limited to point sources. A further limitation concerns the constrained angular dependence of the SR model.
Since a non-zero glint lobe width allows out-of-plane scattering, the DHR can not fully determine the polarization properties of the BRDF. A significant problem concerns the definition of the preferred coordinate system, as there are three non-coplanar directions involved. The idealization of a microfacet normal which bisects the source and observation directions neatly resolves this problem, but there are significant practical problems in applying this idea to specular reflections of extended objects (which may be why it is not employeh in either R M A or SPIRITS-Pol.)
General polarized difise reflectance.
One mechanism for obtaining polarized diffuse reflectance was discussed above. Another mechanism, dealing with volume scattering in paints, was suggested by Maxwell[ 141 .several years ago. In this mechanism, the paint is viewed as a binder in which pigment particles are distributed at random. The surface of the paint is viewed as a planar binder/& interface.
Incoming radiation is partially transmitted into the paint where it is randomized and depolarized by multiple scattering from pigment particles. Some fraction of the (now unpolarized) energy exits the binder/& surface via Fresnel transmission at all angles, and radiation exiting at non-normal angles becomes polarized in accordance with Fresnel transmission behavior. This polarization mechanism is essentially the same as the one which polarizes thermal emission, as in Eq. 6. Currently, none of the polarization codes implements this idea. Since the mechanism is so closely related to thermal emission, it should be possible to incorporate it into the formulation described above.
CONCLUSIONS
IRMA and SPIRITS-Pol base their derivation of the polarization BRDF on determination of the DHR. In this, they can be regarded as being guided by the Fresnel reflection principal. Reliance on such a physics-based approach helps to ensure self-consistency. It further ensures that the generalized form of Kirchoffs law will correctly model self-emission. Finally, it is a simple approach with functional dependence on only a single angle variable. On the other hand, these models may not capture all polarization-related phenomena exhibited in real scenarios.
IRMA allows an arbitrary ideal specular reflectivity to be specified, and accommodates a very simple, unpolarized diffuse scattering contribution. In fact, freedom to modify the general form of the specular Mueller matrix is required to accommodate the diffuse contribution without introducing nonphysical artifacts. SPIRITS-Pol introduces a scaled form of the Fresnel Mueller matrix in order to accommodate the unpolarized SR model formulation for Mo.o and Eo. This model compromise does not detract significantly from the advantages of the strictly Fresnel approach in most cases. It allows an angle dependent, but unpolarized, diffise contribution to be modeled, as well as a general, polarized treatment of point source specular reflection. The IRMA and SPIRITS-Pol models are physically grounded in that they build on the Fresnel result. Thus, for materials which exhibit Fresnel-like behavior, good results can be expected.
The IRMA model cannot be easily generalized to cover nonideal specular reflection; thus, it does not deal with out-ofplane scattering and the related polarization properties. IRMA does allow a table form of the Mueller matrix, but provides no guidance on a consistent method of generalizing beyond the ideal Fresnel case. The SPIRITS-Pol model offers a more structured way to extend beyond the Fresnel case, but it is tied to the SR model approach. The idea of using a scaled Fresnel form is reasonable, but is an uncontrolled approximation that may not always work well. The SR-based approach allows a polarized out-of-plane scattering contribution, but only for point sources. Extension to extended sources, such as reflection of other model facets, would require extensive modification of the model.
OPTASM differs in that it does not focus on hemispherical reflectivity modeling, instead relying directly on measured data. By relying on numeric fits to a comprehensive, detailed set of BRDF measurements, it is likely to represent all polarization effects with some degree of fidelity.
However, there is risk that without traceability to a wellfounded base case, errors in the data used to fit the many parameters in the BRDF model may lead to hard-to-catch artifacts. Artifacts are also possible from the assumed model functional form which is used to fit the data, a sum of Lorentzian forms. The model calculates a hemispherical reflectivity consistent with the numeric fits, and uses this hemispherical reflectivity to calculate the emissive contributions via Kirchoffs law. No testing has yet been conducted to assess the possible pitfalls of this approach, due to the absence of an adequate polarization BRDF data base. Thus, the physics-based approaches of IRMA and SPIRITS-Pol are logical (and instructive) starting points for this effort, but may ultimately prove inadequate. In this case, the more data-driven approach used by OPTASM may be preferable. 
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